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Mechanisms to cope with oxidative stress are conserved across eukaryotes. For
instance , exposure to oxidation can result in lipid and nucleic acid damage and elicit a
stress response. The genotoxic agent , sodium dichromate oxidizes guanines resulting
in OxoG bases , induces double strand breaks, or generates abasic sites. Therefore, an
oxidative stress response is crucial to maintain proper cellular function . In response to
stress , cells control gene expression by repressing translation. Repressed mRNA may
localize to P-bodies or stress granules; cytoplasmic structures where non-translating
mRNA are found . While P -bodies contain mRNA degradation factors, stress granules
contain translation initiation factors, allowing for storage of mRNA until removal of the
stress.
Exposure of yeast to sodium dichromate caused an increase in P-bodies,
whereas stress granules failed to form . The response occurs within 10 min. of exposure
and is dependent on translational repression . Interestingly, use of the antioxidant,
quercetin , abrogated the increase in P-body formation during co-treatment with sodium
dichromate. Our data suggests a model in which damaged mRNA or mRNA transcribed
from damaged genes are degraded rather than stored. We suspect oxidative damage
may halt translating ribosomes on these mRNA, activating the no-go decay pathway.

Translational Repression Mediated By the Genotoxic Agent Chromium(VI)
Results in P-body Formation in Saccharomyces cerevisiae
Whitney Hopfauf*, Sara Segner, Chris Bullard, Blaine Rathmann, Tony Koch, Ted Wilson and Scott P. Segal
Biology Department. Winona State University, Winona, MN 55987
Introduction

Strains and Growth Conditions
Yeast were grown and maintained on YPD or the appropriate selective growth media at 30οC. Yeast were initially grown
in a 30οC water bath in YPD broth and then diluted to an A260 of 0.05, as measured by UV/Vis spectrophotometry. The diluted
cultures were allowed to grow to an A260 between 0.2 to 0.6 to ensure cells were otherwise unstressed before chromium(VI)
treatment.
Yeast Transformation
Briefly, cells were grown in YPD media at 30°C to an A260 of 0.2-0.6. Cells were then washed and resuspended in 33%
PEG, 0.1 M LiAC, 0.28 μg/mL salmon sperm DNA, and 0.5 μg of plasmid DNA to a volume of 360 μL, and then incubated at 42°C
for 40 minutes. Afterward, cells were again washed and plated on either SD agar –Leucine or SD agar –Tryptophan.
Chromium(VI) Treatment
Once the cultures reached an A260 between 0.2 to 0.6, they were treated with chromium(VI) (Sigma) at the appropriate
concentrations as outlined for each experiment (from 1.5 μM-15 mM). The cultures were then allowed to incubate for 15 minutes in
the 30οC water bath except for the time course experiments, which were allowed to incubate with chromium(VI) for the following
time exposures: 5, 10, 15, 20, and 25 minutes.
Visualization of P-bodies/Stress Granules by Fluorescence Microscopy
After incubation with chromium(VI), 1 mL of each culture was removed, washed, and then resuspended with same
amount of complete media+dextrose+ chromium(V) as described above. Cells were then visualized with a Nikon Eclipse e600
upright microscope with epifluorescence (100 W mercury bulb). Images were taken using the Spot Insight Camera (Spot Imaging
Systems) and analyzed using the Spot Basic Software.
Cycloheximide Treatment
Once the cultures reached an A260 between 0.2 to 0.6, they were dosed with chromium(VI) at 150 μM along with 0.05
mg/mL cycloheximide (Sigma). Cells were then visualized as described above.
Quercetin Treatment
Yeast cultures were grown to an A260 between 0.2 to 0.6, then dosed with quercetin at 75 μM and chromium(VI) at 150
μM. Two controls were prepared: one containing dimethyl sulfoxide at 75 μM, and another of chromium(VI) at 150 μM and dimethyl
sulfoxide at 75 μM. Cells were allowed to incubate for 15 minutes at 30°C.
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Figure 5: Translational repression is required for P-body formation in response to
chromium(VI). Cycloheximide, is a translation inhibitor that blocks ribosomal translocation, thus
locking mRNA in the translating pool. This, in turn, inhibits P-body assembly in response to
chromium(VI) exposure. Values indicate the percentage of cells showing large P-body formation.
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Figure 6: Chromium(VI) treatment results in increased localization of P-body specific
markers to subcellular foci: Strains expressing Edc3p-GFP and Xrn1p were used to specifically
visualize P-bodies. Values indicate the percentage of cells showing large P-body formation.
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Figure 10: Quercetin reduces P-body formation resulting from chromium(VI) exposure
induced oxidative stress. The flavonoid (75μM) reduces P-body formation in response to
chromium(VI) treatment (150 μM). Values indicate the percentage of cells showing large P-
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Figure 2: Chromium(VI) exposure results in assembly of subcellular foci. Subcellular foci were
visualized by using markers that localize both to P-bodies and stress granules. Values indicate the
percentage of cells showing large P-body formation.
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Figure 7: Chromium(VI) treatment does not increase localization of stress granule specific
markers to subcellular foci: Strains expressing eIF4G1-GFP, Pab1p-GFP and Pub1p-GFP were
used to specifically visualize stress granules. Values indicate the percentage of cells showing large
P-body assembly.
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Figure 4: Formation of subcellular foci is dependent on time exposure of chromium(VI).
Subcellular foci formation was visualized using wild-type yeast expressing Dcp2p-GFP in control
cultures versus cells treated with chromium(VI) (150 μM) at varying time exposures. Increased
chromium(VI) time exposure increased subcellular focus formation.
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Figure 11: P-body assembly in response to chromium(VI) exposure is reduced in strains in
no-go decay deficient strains. P-body assembly was visualized by expressing Dcp2p-GFP in a
wild-type strain as well as in strains lacking Dom34p or Hbs1p. Values indicate the percentage of
cells showing large P-body assembly.
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Figure 3: Formation of subcellular foci is dependent on concentration of chromium(VI)
exposure. Subcellular foci formation was visualized using wild-type yeast expressing Dcp2p-GFP
in control cultures versus cells treated with varying concentrations of chromium(VI) for 15 min.
Higher chromium(VI) concentrations produced increased subcellular focus formation.

Figure 1: Physiological stress results in translational repression of mRNA and localization
of non-translating RNA. Non-translating mRNA can localize to either P-bodies or stress
granules. Stress granules contain translation initiation factors and mRNA that can be
reincorporated into translation, whereas P-bodies contain mRNA that may be destined for
degradation.

Working model for the post-transcriptional response to chromium(VI)
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Chromium is an abundant element that exists in multiple redox states. In the hexavalent
form, chromium(VI) affects microbial survival and can act as a carcinogen by inducing DNA
damage [1, 2, 3, 4, 5]. Chromium(VI) is used in stainless steel manufacturing, chromium-based
pigments, and in a number of consumer products such as replacement hip joints, applied cosmetics
and as a leather-tanning agent [6]. Thus, environmental contamination from reduced chromium
products has become a significant concern. Given that the chromium(VI) form is a potent
carcinogen, it is not only important to know how chromium(VI) damages biomolecules, but also how
cells then respond to chromium toxicity.
Exposure to chromium(VI) can result in significant damage to cellular molecules, which
may lead to disease. Chromium(VI) can directly oxidize DNA or produce free oxygen species that
readily damage DNA and lipids [7, 8, 9, 10, 11, 12]. Exposure to reduced chromium species,
created after cellular uptake of chromium(VI), can cause single-strand breaks and abasic sites [7,
8, 13]. Additionally, guanine bases are readily oxidized by chromium(VI) [12, 14] leading to the
formation of 8-oxoguanines (8-oxoG). 8-oxoG lesions are strongly implicated in the development of
cancers, aging, cardiovascular disease and diabetes [15, 16, 17]. Quercetin (3,3’,4’,5,6pentahydroxyflavone) is a potent flavonoid found in high concentrations in raw onions (41 mg/100
g) and the skins of apples (4.42 mg/100 g) [18, 19, 20]. The protective mechanisms of quercetin
originate from its ability to sequester free radical electrons, chelate metal catalysts, activate
antioxidant enzymes and inhibit oxidases [21].
Control of gene expression is an important response to physiological stress and is
necessary to ensure cellular survival in suboptimal conditions. One method the cell uses to control
gene expression is repression of translation [22, 23, 24, 25]. Under many different stress
conditions, such as glucose deprivation, heat stress, hypotonic conditions, ethanol exposure and
chemical exposure, a significant amount of mRNA in the cell becomes translationally repressed [22,
23, 24, 25, 26, 27]. Depending on the stress condition, mRNA can localize to either mRNA
processing bodies (P-bodies) or stress granules [24, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36].
Each structure is conserved, both structurally and functionally, and is found in most eukaryotes,
including yeast, Saccharomyces cerevisiae, Caenorhabditis. elegans, Drosophila melanogaster, as
well as in mammals [26, 30, 31, 32, 33, 37, 38, 39, 40, 41].
P-bodies and stress granules are cytoplasmic, mRNA-based structures, which appear as
distinct foci under fluorescence [26, 30, 31, 33, 42]. They are similar in that each contains nontranslating RNA and a specific set of RNA binding proteins [26, 30, 43, 44]. However, the
structures differ in that P-bodies contain mRNA degradation proteins, such as the 5’ to 3’
exonuclease Xrn1p, Lsm4p and Edc3p, while stress granules contain translation initiation factors,
such as eIF4G, eIF4E and Pab1p, as well as the mRNA binding protein TIA-1 (Pub1p in yeast).
Based on their protein composition, P-bodies are thought of as vessels of mRNA degradation
whereas stress granules can act as storage compartments for mRNA that will be translated at a
later time when the stress is relieved [45].
Translationally repressed mRNA is required for both P-body and stress granule assembly,
and thus, there is a reciprocal relationship between the state of cellular translation and the size and
number of these structures [23, 24, 25]. Under favorable conditions, translation is occurring at a
high level, with P-body and stress granule assembly being either reduced or non-existent,
respectively. However, when subjected to any number of types of physiological stress, translation
can be markedly repressed, and P-body or stress granule assembly is greatly increased due to the
influx of non-translating mRNA.
mRNA decay in eukaryotes occurs by accessing one of a number of pathways depending
on whether the mRNA is damaged and the type of damage the mRNA has incurred. The no-go
decay pathway, which is of particular interest in this study, removes mRNA on which a translating
ribosome has stalled [46]. No-go decay is carried out by the proteins Dom34p and Hbs1p that act
in conjunction to remove the ribosome and to promote endonucleolytic cleavage of the mRNA at
the site of the stall. The 5’ fragment that was created from the cleavage is degraded by the
cytoplasmic exosome in the 3’ to 5’direction, whereas the 3’ fragment, which lacks a cap, is
degraded in the 5’ to 3’ direction by Xrn1p [46]. No-go decay in conjunction with the other
pathways work to ensure that only functional mRNA is getting translated at the appropriate time,
and in the case of no-go decay, a portion of the mRNA being degraded can be found in P-bodies.

Materials and Methods

Figure 8: P-bodies fail to form in response to chromium(VI) exposure in P-body deficient
strains. P-body formation was visualized by expressing Dcp2p-GFP in a wild-type strain as well as
strains deficient in P-body (edc3Δ) or stress granule assembly (ste20Δ). Values indicate the
percentage of cells showing large P-body assembly.

1. Chromium(VI) treatment results in a selective increase in P-body assembly,
perhaps to remove damaged mRNA or remove mRNA transcribed from damaged
DNA.
2. P-body assembly increases with increasing chromium(VI) exposure concentration
as well as with increasing time exposure.
3. Translation repression is required for increased P-body assembly in response to
chromium(VI) treatment.
4. The antioxidant quercetin abrogates P-body assembly in response to chromium(VI)
mediated oxidation.
5. P-body assembly is reduced in no-go decay deficient strains.

